In modern gas turbines, the turbine airfoil leading edge is currently protected from the hot gases by specific film cooling schemes, socalled showerhead cooling. The present paper shows an experimental study of different showerhead cooling geometries on a blunt body. For these tests, TLC (thermochromatic liquid crystals) have been used for measuring the film cooling performance and the heat transfer. Detailed experimental results for the aerodynamics, the film cooling effectiveness and the heat transfer enhancement are presented for different film cooling geometries.
Introduction
In modern gas turbine designs, there is a strong desire to increase the inlet hot-gas temperature of the turbine. This would lead to much higher blade temperatures than the maximum allowable metal temperature of the gas turbine blades. In order to protect the turbine blades from melting, the blades need extensive cooling by internal air flow. Usually a combination of internal convective cooling and external film cooling is employed. The cooling designs of these parts have to be highly efficient, because of the fact that a larger cooling mass flow rate degrades the thermal efficiency of the thermodynamic cycle of the gas turbine. This is especially true for the application of film cooling, where a protective film of cold air is spread around the blade and large cooling mass flows are required. Because of the importance of film cooling for turbine blade design, the subject has been studied extensively over the past 35 years. Several review articles on film cooling are published on this subject [1] [2] [3] . Showerhead cooling is much more complicated than normal film cooling on a profile, because of the strong curvature effects of the blade profile. The showerhead cooling is used in order to protect the stagnation point area of a first vane or a first blade against the extremely high gas temperatures. In contrast to film cooling on a turbine blade, the coolant flow out of the holes in the nose of the profile can hardly form a good cooling film around the profile. On the other side, the coolant flow takes heat from the blade material while flowing through the relatively long coolant holes in the nose of the profile. To extend the coolant holes in length, mostly these coolant holes are inclined radially. Because of the above cited features of showerhead cooling, the cooling of the leading edge of an airfoil by the showerhead cooling contents the external film cooling, the internal cooling in the coolant holes as well as the cooling inside the main coolant channel inside the blade. In order to evaluate the performance of showerhead cooling schemes, all three aspects of showerhead cooling have to be addressed. This is the aim of the present and a companion paper [18] . The present paper investigates the external film cooling aspects alone, whereas the companion paper [18] shows the evaluation of the global performance of the showerhead cooling model by using 2D and 3D finite element models (FEM) .
In order to test the influence of the different parameters acting on leading edge film cooling, several studies were conducted in the past on curved surfaces in order to simulate the flow characteristics of the stagnation region. Different methods were reported in the literature to model the leading edge region. In many cases, the airfoil leading edge was simulated using a cylinder in cross-flow. Another alternative consists of placing a tailboard at the rear of the cylinder to reduce the wake effects on the upstream heat transfer. Yet another approximation, which was also widely used by researchers, consists of modeling the leading edge region using a blunt body with a semi-circular or elliptical leading edge and a flat afterbody. This has the advantage that downstream wake effects will not influence the leading edge film cooling performance and that transition effects comparable to real gas turbine blades occur. Finally, a somewhat different approach to the problem consists of investigating film cooling performance on a large-scale model of a typical turbine vane. Some of the early work on leading edge film cooling was done by Hanus and LÕEcuyer [4] . They conducted experiments on a scaled model of a turbine vane equipped with a single row of spanwise-angled holes. Some years later, Luckey and LÕEcuyer [5] simulated the airfoil leading edge as a cylinder in cross-flow with several rows of film cooling holes. They studied the influence of the blowing ratio, the injection location relative to the stagnation point, as well as the effect of multiple rows of cooling holes. The measurements showed that the film cooling performance depends strongly on the injection geometry and the coolant injection rate. Later, Wadia and Nealy [6] conducted experiments in a wind tunnel on several stainless steel cylindrical models.
They compared the effects of different spanwise injection angles (b = 20°, 30°, 45°, 90°) on the leading edge film cooling effectiveness for various mainstream and coolant flow conditions. The experiments suggested that the film cooling effectiveness was primarily influenced by the inclination of the injection holes: shallower angles provided significantly increased film cooling effectiveness. Mick and Mayle [7] investigated the film cooling effectiveness and heat transfer coefficient within and downstream of three rows of cooling holes (c = ±15°/+44°). Tests were performed using a blunt body with a cylindrical leading edge and a flat afterbody. Adopting the same leading edge model, Mehendale and Han [8] studied the effects of the blowing ratio (from G = 0.4 to 1.2) and the free-stream turbulence intensity (Tu = 0.75%, 9.67%, 12.9%) downstream of two staggered rows of holes located at ±15°and ±40°from the stagnation line. Following this work, Ou et al. [9] experimentally determined the effect of the film hole row location on the leading edge film cooling under high mainstream turbulence conditions (Tu = 9.67%). Two locations of film injection cooling holes, located only at ±15°or ±40°, were studied and compared to the four-row configuration reported by Mehendale and Han [8] . The results showed that the mainstream turbulence effect was more severe for the ±15°one-row injection than for the ±40°one-row injection. The latter produced higher effectiveness and lower surface heat load. Hoffs et al. [10] Subscripts c coolant g hot gas r recovery conditions t total conditions w, aw wall, adiabatic wall cooling effectiveness and heat transfer investigations in a free jet test facility on film-cooled cylindrical models. A three-row (c = À21°/0°/+21°) and a four-row (c = ±7°/ ±21°) configuration were chosen to study the cooling behavior at zero and off-design incidences. Ekkad et al. [11] focused on the effects of the coolant blowing ratio, higher coolant density and higher free stream turbulence intensity. Tests were done in a low-speed wind tunnel on a cylindrical model with two rows of cooling holes distributed symmetrically around the stagnation line (c = ±15°). More recently, Reiss and Bö lcs [12] examined the influence of the cooling hole geometry on film cooling performance. The authors found that, for a given coolant consumption, fan-shaped holes increased film cooling performance due to a better lateral film coverage, and a reduced tendency of ''jet lift off'' at high blowing rates.
As it can be seen from the literature survey given above, quite a lot of different configurations for showerhead cooling have been studied in the past. However, most of the studies have been derived under rather ideal conditions (e.g. low turbulence level, circular cylinder. . .) which make it difficult to use these data for real showerhead designs. On the other hand the film cooling on the leading edge of a blunt body has the advantage that realistic transition effects can be taken into account, whereas the external flow field might be fully symmetric and two-dimensional around the blunt body. Furthermore, hole geometries are sought for the leading edge cooling, which have values of the discharge coefficient (CD), which are insensitive to the pressure ratio which is applied across the coolant holes. Therefore, the present paper focuses on detailed aerodynamic and heat transfer measurements for three different hole shapes for a blunt body configuration. High turbulence levels are taken into account for these measurements.
Experimental setup and experiments

Experimental apparatus and test model
The present experiments for showerhead film cooling have been carried out in a linear cascade test facility. The linear test stand belongs to a network of test facilities at EPFL. Air is supplied to the network on a continuous basis by a four-stage centrifugal compressor. This compressor, driven by an electric motor at a constant speed of 9500 rpm, has a maximum pressure ratio of 3.5 and a maximum flow rate of 12 kg/s. At peak level operation, the motor consumes approximately 2.2 MW. Within the test facilities, the flow conditions are regulated using a compressor inlet valve in combination with a main air bypass valve. The flow temperature is controlled by an air/water heat exchanger.
Linear cascade
The original configuration of the linear test facility has been adapted for measurements on the blunt body models. Fig. 1 shows the wind tunnel holding the blunt body. The incoming flow enters the test section from the top, is directed by two sidewalls, and exits the test section at the bottom of the channel. Straight sidewalls were used in the present study, resulting in a perfect two-dimensional flow field. Increased turbulence intensity Tu of about 10% in the channel is obtained by superposition of a square bartype turbulence grid and a perforated plate inserted upstream of the test section. A removable total pressure probe is located five leading edge diameters upstream of the stagnation region of the blunt body. Retrieving the probe automatically before the insertion of the liquid crystals coated section eliminates its potential influence on heat transfer measurements. In addition, the inlet settling chamber of the test facility is equipped with a thermocouple to measure the inlet total temperature. The blunt body is mounted on rails, and can be removed from the main flow for preconditioning or re-inserted for transient tests. In its initial position, the flow and the blunt body temperature are adjusted to the desired conditions. The blunt body is then rapidly inserted by a pneumatic cylinder through the sidewalls of the test facility into the flow to start the transient experiments. Insertion time is less than 0.1 s (see e.g. [14] for a more detailed explanation).
Test models
The test model is a blunt body with an elliptical leading edge profile. This particular profile was chosen based on theoretical considerations, and taking into account the existing experimental hardware. In order to avoid boundary layer separation due to a step in surface curvature, the front shape of the model was designed as a Cassini curve [13] . The edges were also rounded at the rear of the model avoiding the formation of vortices. The 3D-test model, manufactured in Plexiglas, is an exchangeable part of the mobile assembly (Fig. 2) . The span of this test model is 135 mm. Fig. 2b shows also some of the important geometric dimensions of the blunt body. For film-cooled configurations, most of this length is used to hold the holes pattern. Fig. 3 shows the different film cooling geometries used for the blunt body geometry. Modern configurations of diffusing holes were considered in addition to classical cylindrical holes. Configurations SHG2 and SHG3 use the same cooling arrangement in terms of hole diameter, row number, hole spacing, and inclination angles, but with modified hole exits. As shown in Fig. 3 , shaped holes modify the effective exit area. The showerhead Geometry SHG2 illustrates a conical portion with a 1.8°open angle creating a diffuser of 4 hole diameters deep. The effective surface area of the hole exits is therefore increased by a factor of 1.6 compared to the cylindrical holes. The exit of the forward-diffused holes (SHG3) is opened with a 2.9°forward expansion angle over a depth of approximately 4 hole diameters. The effective surface area of the exits is therefore increased by a factor of 1.35 compared to the cylindrical holes. The geometrical data are given in Table 1 .
Instrumentation
The test section was built up from the existing Linear Cascade ( [14, 15] ) at EPFL and redesigned for the new geometry (blunt body) in such a manner that easy and rapid exchange of relevant parts was possible. An illustration of the test facility is provided in Fig. 1 . In both figures, one sidewall-either the one situated on the heat transfer or aerodynamic side-has been removed to clarify the view. The ''aerodynamic sidewall'' is equipped with a series of static pressure taps placed up-and downstream of the center blunt body. The first row of pressure taps is used to characterize the incoming flow. Further static pressure taps are distributed around the center blunt body (see Fig. 2b ). The information obtained with these pressure taps can be used as upstream boundary condition for CFD analysis.
In order to optimize the optical access, five windows are placed around the insertion passage on the ''heat transfer'' disc. The liquid crystal coating is observed with four miniature color CCD cameras situated behind the Plexiglas windows viewing both sides of the model surface. Halogen light sources and fiber optics are used for homogeneous illumination. The blunt body is situated in the middle of the test section. Since the distance between the stagnation point of the model and the sidewalls is about 8 times the leading edge diameter (D = 21 mm), the influence of the sidewalls on the flow developing around the blunt body can be neglected. The mobile assembly and its instrumentation are shown in Fig. 2 . It is composed of several aluminum and Plexiglas parts. Aerodynamic measurements are obtained along the aluminum part using 32 static pressure taps (Fig. 2b) . Temperature measurements are obtained along the Plexiglas part using 10 embedded thermocouples which assess the preconditioning temperature of the model.
The baseline configuration of the model-heat transfer test section without film cooling holes-is represented in Fig. 2a . The blunt body is equipped with a 135 mm exchangeable part carrying the cooling scheme to be tested (Fig. 2c ). This part is coated with 30.5°C narrow-band reacting liquid crystals. All rows are fed from a single plenum chamber. The plenum chamber is equipped by a removable part holding two thermocouples and a total pressure probe. The coolant is supplied via a Plexiglas tube directly connected to this part. In order to assure repetitive acquisitions of transient coolant gas conditions, this removable plenum chamber instrumentation has been employed for all film-cooled configurations.
Measurement technique and data reduction
The transient liquid crystal technique is a very commonly used measurement technique for obtaining precise heat transfer data. It consists of monitoring the evolution of the surface temperature-triggered by a heat step. With regards to the measurements presented herein, the heat step is generated by rapidly exposing the preconditioned cold model (preconditioned to about 0°C) into a hot main flow (typically in the order of 55°C). During the transient experiment, the color variation of the liquid crystal signal is captured with color CCD cameras. During the measurement phase, each camera view is independently recorded using the standard digital video (DV) format. The data reduction is finally performed using the image processing software developed by Vogel [15] . For the present investigations, air has been used as coolant, resulting in density ratios of about DR = 1.15 to 1.18 for all tests.
For the baseline case (without film cooling), the heat transfer coefficient h can be obtained from the following transcendental equation
The underlying assumptions of Eq. (1) are that the wall of the test model can be treated as a semi-infinite body and that the heat conduction in this body can be considered to be one-dimensional. These assumptions are well justified in the present tests. For the case with film cooling, the heat transfer coefficient, defined by
as well as the adiabatic film cooling effectiveness, defined by
can be obtained by multiple regression analysis from several tests. The reader is referred to [15, 16] for a more detailed explanation of this measurement method. The heat transfer coefficient is presented mostly in dimensionless form by
where the Nusselt number Nu D is divided by Re
The data reduction of the liquid crystal signal is performed on a personal computer using an in-house program called DIPS (Digital Image Processing System). A comprehensive description of the program is given in [15] .
Measurement uncertainty
The uncertainties in the measurement of the initial temperature, the wall temperature and the flow temperature are about 0.75 K, 0.2 K and 0.15 K. The uncertainty in the detection of the liquid crystal apparition time t was about 0.1 s. These uncertainties resulted in an error for the obtained film cooling effectiveness and the heat transfer coefficient. An error analysis as detailed by Ireland [17] has been performed. The uncertainties of the above given quantities together with reasonable uncertainties on the material properties indicated a maximum relative error on the obtained heat transfer coefficient of 7%, whereas the maximum absolute error in the film cooling effectiveness was about 0.05.
Results
Aerodynamic results for the blunt body
Before conducting heat transfer and film cooling tests, it was necessary to characterize the aerodynamic flow field in the linear test facility, and to check the alignment of the model within the channel. Three different mainstream flow conditions were investigated yielding inlet Reynolds numbers Re D = u 1 D/m of 0.58E+05 to 1.52E+05 and inlet Mach numbers M = u 1 /a of 0.14 to 0.36. Inlet and outlet isentropic Mach number distributions were measured with sidewall static pressure taps. Measurements were made at a cross plane located 2.4 (respectively 6.4) leading edge diameters upstream (respectively downstream) of the stagnation point. The inlet and outlet isentropic Mach number distributions are found to be uniform over the entire length of the channel. Special attention was taken to align the model with the main flow, because a small misalignment can cause a significant deviation of the coolant and affect the leading edge cooling. Consequently, the symmetry and periodicity of the flow field developing at the model surface were characterized by various techniques. Surface flow visualizations were conducted on the blunt body by using shear sensitive liquid crystals to determine the stagnation line position, to identify the surface flow pattern, and to verify that the strong surface curvature did not cause flow separation. To quantify the flow symmetry, surface isentropic Mach number distributions were estimated at 40% of the blunt body span. For all investigated conditions, the flow velocities on both sides were superimposed. Excellent symmetry was found for all Reynolds numbers. In order to acquire the complete surface isentropic Mach number distribution over the entire test section, the center part-equipped with a series of circumferential pressure taps-was moved by small increments through the channel. Isentropic velocity distributions are shown in Fig. 4 for different Mach numbers. The thick lines indicate the velocities obtained in the middle of the channel, and the error bars mark the maximum variations along the test section. Here, the surface coordinate s is used, which has its origin at the position of the stagnation line of the profile. The flow exhibits an excellent periodicity along the entire length of the test section. For comparison, calculated flow velocities based on the potential theory were superimposed (solid symbols). These theoretical calculations were only made in the front part of the blunt body. Agreement between theory and measurement improves with proximity towards the stagnation point.
Heat transfer results for the baseline configuration (without film cooling)
In a next step, heat transfer measurements were performed for the baseline case of the blunt body, without film cooling. The spanwise averaged heat transfer coefficients are shown for three different investigated Mach numbers in Fig. 5 . Again, the nice symmetry around the stagnation point can be observed. In addition, the high heat transfer near the stagnation point is clearly visible. It can also be seen that the transition point moves upstream with increasing Reynolds numbers.
Introducing the film cooling holes into the test model will change the position of transition on the blunt body and also the heat transfer, even if no cooling flow is injected from the holes. This can be seen in Fig. 6 , where experiments are shown for the different tested hole geometries. The results in Fig. 6 indicate that the presence of a film cooling row alone provokes a transition of the boundary layer which, in turn, leads to a strongly enhanced heat transfer immediately behind the injection location. In addition, the cooling hole exit geometry plays a significant role on the heat transfer increase. The heat transfer coefficients obtained after the first row of holes (s/D = 0.1) are 20%, 40%, and 80% higher than for the baseline case considering cylindrical, conical and forward-diffused holes, respectively.
Results with film cooling
The test program for the film cooling measurements consists of a systematic variation of the blowing rates (from G = 0.4 to 1.4) at constant main flow conditions (Re D = 1.52E+05, M = 0.36) for three different showerhead configurations and a density ratio DR of about 1.15 to 1.18. The test program was defined in order to be close to engine-like conditions and to cover a realistic range of injection rates. The discharge coefficients (
for all hole configurations have been measured. The discharge coefficients of the fan-shaped holes were compared to those measured for cylindrical holes, with and without the influence of the outside main gas flow (Fig. 7) . On the one hand, the discharge coefficients for the forward-diffused holes were found to be very close to the values measured for the cylindrical holes, especially for the central rows (rows #2 & #3 at À7.5°and +7.5°). On the other hand, the CD values increased by 20% for conical holes compared to the cylindrical holes, with and without the influence of the external flow developing around the blunt body. In their investigation, Hay and Lampard [19] had already reported that conically flared holes show higher CD values than cylindrical holes, provided that the cylindrical inlet to the flare was sufficiently long (two hole diameters at least), which was the case for the present tests. For a more detailed discussion of the CD values, the reader is referred to [16] . The film cooling effectiveness and non-dimensional heat transfer coefficient were evaluated along the surface with the transient liquid crystal technique. For all showerhead injection geometries, detailed distributions of the film cooling performances are presented within the holes pattern in Figs. 8 and 9 revealing information on the lateral and longitudinal film coverage. The contour plots shown in Figs. 8 and 9 represent a portion of the unwrapped model surface covering surface angles (h) from approximately À15°to 50°a nd a spanwise distance corresponding to 4 hole spacings. The cooling rows located at À7.5°, +7.5°and 22.5°can be seen from the left to the right, and are referred to as rows #2, #3 and #4, respectively. Row #1 is located at À22.5°a nd is not shown on the plots. The hole exits are represented in full scale for all geometries in order to ease comparisons. The increase of effective exit area for fan-shaped holes is clearly noticeable. Figs. 8 and 9 exhibit an excellent periodicity of the contours in the spanwise direction indicating a homogenous coolant distribution through the cooling holes of the same row.
With regards to the film cooling effectiveness, the presence of pronounced streaks immediately behind row #4-compared to rows #2 and #3-illustrate the fact that the quantity of coolant ejected through the cooling holes of a row depends on its position. In other words, the individual blowing ratio varies over all cooling rows (see also Fig. 10 ). In fact, the static pressure acting on the hole exits located Fig. 9 . Detailed heat transfer coefficients on blunt body models at nominal operating point (Re D = 1.52E+05, M = 0.36) with varied blowing rates.
at ±22.5°is lower, so that the coolant mass flow out of these rows is always higher compared to the holes located at ±7.5°. Additionally, the hole shape and the value of the blowing ratio affect the coolant ejection. For the cylindrical holes (SHG1), large streaks, leading to a good film coverage, can be observed behind rows #3 and #4 at low to moderate blowing ratios, and disappear for G P 1.2. This phenomenon has been widely described in the literature and is known as jet ''lift-off''. The conical holes (SHG2) generate the largest streaks behind rows #3 and #4 at low G. With increasing blowing ratio, the jet mixing process begins, leading to a better lateral film coverage. In fact, the increased cross-sectional area at the hole exitcompared to a standard cylindrical hole-leads to a reduction of the jet penetration into the main flow, resulting in an increased film cooling effectiveness. Furthermore, the lateral expansion of the hole provides an improved lateral spreading of the jet, leading to a better coverage of the blunt body surface in the spanwise direction. Combining Fig. 8 with 9 it appears that the zones of high film cooling effectiveness correspond to areas of high heat transfer coefficients. This is primarily due to the presence of the cooling holes, and is reinforced by the coolant injection process, both provoking disturbances on the boundary layer. For some cases, peak values up to 3.5 occur close to the holes.
The spanwise-averaged results ( g and Nu D =Re 0:5 D ), which are derived from the detailed results by integrating the primary quantities in the spanwise direction (from hole to hole), are given over the front part of the blunt body in Figs. 10 and 11. Referring to Fig. 10 , the conical holes exhibit the highest g values downstream of the injection rows, especially with increasing blowing ratios. This trend may be explained looking at the individual blowing ratio distributions. In fact, the quantity of coolant exiting rows #1 and #4 is more significant for the conical holes than for the other geometries. Therefore, rows #1 and #4 provide surface protection when the upstream coolant injection from rows #2 and #3 has lost its cooling capacity. Looking at the spanwise-averaged heat transfer coefficients, it can be seen that the average level of Nu D =Re 0:5 D is between 1.5 and 2.5 depending on the blowing ratio and the hole geometry. Downstream of the actual showerhead (h > 35°, s/D > 0.3), the differences between the three cooling configurations are rather small compared to those that affect the film cooling effectiveness measurements. Further downstream of the injection rows (h > 60°, s/D > 0.5), the Nusselt number reaches the same level as the one measured for the baseline case.
Conclusions
The present study focused on showerhead cooling performance for gas turbine blade applications. From the experimental results shown in the present paper, the following main conclusions might be drawn:
• The aerodynamic flow field in the linear test facility showed a perfect two-dimensional flow field around the stagnation point.
• Baseline heat transfer measurements were carried out on the blunt body model at various flow conditions: the heat transfer coefficient increases with increasing approach Mach and Reynolds number.
• Inserting cooling holes leads to early transition of the flow at the blunt body and therefore to heat transfer augmentation, even so no coolant is injected.
• The fan-shaped hole configurations showed a better lateral coverage. The best spanwise-averaged film cooling effectiveness was achieved by the conical holes over the widest range of blowing ratios.
Summarizing, it can be noted that the present data consists of very detailed experimental results on aerodynamics and heat transfer for a blunt body with and without showerhead cooling. 
